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Hypercholesterolemia Causes Generalized Impairment of 
Endothelium-Dependent Relaxation to Aggregating Platelets in 
Porcine Arteries 
HIROAKI SHIMOKAWA, MD, PAUL M. VANHOUTTE, MD 
Rochester, Minnesota 
The role of the endothelium in response to aggregating 
platelets was examined in porcine coronary and peripheral 
(carotid, femoral and renal) arteries from normal and 
hypercholesterolemic pigs. Male Yorkshire pigs were fed 
either a normal diet or a 2% high cholesterol diet for 10 
weeks. Endothelium-dependent respoiises werC examined 
in vitro. 
In all arteries from control animals, aggregating plate- 
lets caused endothelium-dependent relaxations, which were 
augmented by ketanserin (a 5-HT+rotonergic blocker), 
attenuated by apyrase (an adenosine diphosphatase and 
triphosphatase) or methiothepin (a combined S:HT, and 
5.HT,-serotonergic blocker) and were almost abolished by 
a combination of apyrase and methiothepin. The platelet- 
induced relaxations were most pronounced in the coronary 
arteries. Adenosine diphosphate caused endothelium- 
dependent relaxations, which were significantly attenuated 
by apyrase. Serotonin also caused endothelium-dependeiIt 
The endothelial cells play an important role in modulating 
the responsiveness of the underlying vascular smooth mus- 
cle, particularly by releasing endothelium-derived relaxing 
factor (1,2). Endothelium-derived relaxing factof prevents 
the vasoconstriction induced by aggregating platelets in 
canihe (3-5) and porcine (6) coronary arteries and inhibits 
platelet aggregation (7-10). Injury or dysfunction of endo- 
thelial cells, together with the resulting platelet aggregation, 
is one of the important mechanisms leading to atherosclero- 
sis (11,12). Impaired endothelium-dependent relaxations to 
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relaxations, which were significantly attenuated by methio- 
thepin but augmented by ketanserin. The endothelium- 
dependent relaxations to adenosine diphosphate were most 
pronounced in coronary arteries and those to serotonin in 
coronary and renal arteries. In cholesterol-fed animals, the 
endothelium-dependent relaxations to aggregating plate- 
lets, adenosine diphosphate and serotonin were impaired in 
all four arteries. 
These experiments indicate that 1) the endothelium 
exerts inhibitory effects against aggregating platelets in 
porcine coronary and peripheral arteries; 2) platelet-induced 
end&helium-dependent relaxations are achieved by puriner- 
gic and 5HT,-serotonergic receptors on the endothelium; 
and 3) hyperchoiesterolemia reduces the endothelium- 
dependent relaxations to aggregating platelets in a general- 
ized manner because it impairs the relaxations to adenosine 
diphosphate and serotonin released from the platelets. 
(J Am Co11 Cardiol1989;13:1402-8) 
acetylcholine in hypercholesterolemia or in atherosclerosis 
have been reported in the rabbit aorta (13-U), monkey iliac 
artery (16) and human coronary artery (14,17,18). In con- 
trast, little information is available concerning the endothe- 
lium-dependent relaxations to aggregating platelets not only 
for the coronary but also for other systemic blood vessels in 
hypercholesterolemia, a well known atherogenic condition 
(19-21). The present study was designed to characterize the 
endothelium-dependent relaxations to aggregating platelets 
in different porcine arteries and to examine whether the 
responses are altered by hypercholesterolemia. 
Methods 
Study groups. Thirty male Yorkshire pigs, 6 to 8 weeks of 
age (20.2 ? 0.6 kg), were used. They were randomly 
classified into two groups and were fed for 10 weeks either a 
regular chow (Hog Finisher, Bedtke Brothers Feed and Seed 
Co., 0.09% cholesterol) (control group, n = 18) or 2% high 
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cholesterol diet (TD 86019 with 19% lard and 2% cholesterol) 
(cholesterol-fed group, n = 12). The plasma concentrations 
of lipids were determined before and after the feeding 
(enzymatic method) (22). The pigs were housed individually 
in temperature-controlled quarters. In vitro experiments 
were performed after 10 weeks of feeding. 
Organ chamber experiments. The pigs were anesthetized 
with ketamine hydrochloride (300 mg intramuscularly) and 
sodium pentobarbital(l2.5 mgikg body weight intravenously). 
After collecting autologous blood (300 ml) from the right 
femoral artery into citrate anticoagulant for platelet prepara- 
tion, the animals were exsanguinated and the heart and 
peripheral arteries (carotid, renal and left femoral) removed. 
The right coronary artery was dissected from the heart and 
immersed with the other three arteries in cold modified 
Krebs-Ringer bicarbonate solution of the following millimolar 
composition: sodium chloride (NaCl), 118.3; potassium chlo- 
ride (KC]), 4.7; magnesium sulfate (MgS04), 1.2; potassium 
phosphate monobasic (KH,PO,), 1.2; calcium chloride 
(CaCI,), 2.5; sodium bicarbonate (NaHCO,), 25.0; edetate 
calcium disodium (CaEDTA) 0.016 and glucose, 11.1 (control 
solution). The arteries were cleaned of loose connective tissue 
and cut into rings (3 to 4 mm long) with special care taken not 
to touch the luminal surface. In some of the rings, the 
endothelium was removed by rubbing the luminal surface 
gently with a cotton swab wetted with control solution (6). 
The rings were suspended horizontally between two stir- 
rups in organ chambers filled with 25 ml of control solution 
(37”C, pH 7.4) gassed with 95% oxygen and 5% carbon 
dioxide. The preparations were attached to a strain gauge 
(Gould UC2) and isometric tension was recorded. The rings 
were then progressively stretched until the contractile re- 
sponse evoked by 20 mM potassium chloride was maximal 
(optimal tension) (6). After this procedure they were allowed 
to equilibrate for 40 min. 
Protocol. Rings from the coronary and three peripheral 
arteries of the same pigs were always examined in parallel. 
Relaxations were examined during a contraction evoked by 
prostaglandin Fz,, (2 x 10e6 M) and contractions were 
examined in quiescent rings. The order of the drugs tested 
was as follows: 
Ser A (relaxation): 1) bradykinin; 2) serotonin: and 3) 
platelets. 
Set B (relaxation): 1) adenosine diphosphate (ADP); 2) 
thrombin: and 3) the calcium ionophore A23187. 
Set C (contraction): I) serotonin; and 2) potassium chlo- 
ride. 
Set D 1) prostaglandin F?, (contraction) followed by 80 
mM potassium chloride; and 2) sodium nitroprus- 
side (relaxation). 
When determining relaxations, the rings were incubated with 
indomethacin (lo-’ M) for 40 min to inhibit the synthesis of 
endogenous prostaglandins (6). Similarly, when determining 
relaxations to serotonin and aggregating platelets, the rings 
were incubated with the 5-HTz-serotonergic antagonist ke- 
tanserin (lop6 M) for 40 min to inhibit the direct activating 
effects of the monoamine on vascular smooth muscle (6). 
Preliminary experiments indicated that ketanserin augments 
or unmasks the endothelium-dependent relaxations to aggre- 
gating platelets and serotonin in porcine coronary and pe- 
ripheral arteries (data not shown, n = 4). 
Samples of fluid (0.5 ml) were withdrawn from the cham- 
bers 7 min after addition of platelets (lOO,OOO/~l) and frozen 
for later analysis. The concentration of serotonin was deter- 
mined by reverse phase high pressure liquid chromatography 
(6). 
Drugs and platelets. The following drugs were used: 
adenosine diphosphate (ADP); apyrase (an adenosine 5’- 
triphosphatase and an adenosine 5’-diphosphatase, Grade V 
from potato): bradykinin; indomethacin; bovine thrombin; 
calcium ionophore A23 187; prostaglandin F,,; S-hydroxy- 
tryptamine creatinine sulfate (serotonin); sodium nitroprus- 
side (all from Sigma Chemical), ketanserin tartrate (Janssen 
Pharmaceutics) and methiothepin tartrate (Hoffmann- 
LaRoche). All drugs were prepared daily using distilled 
water except for the calcium ionophore and indomethacin, 
which were dissolved in dimethyl sulfoxide (1%) and sodium 
carbonate (IO-’ M), respectively. The inhibitors were added 
to the bath 40 min before the start of the experiments. Drug 
concentrations are reported as the final molar concentration 
(M) in the bath solution. 
A plrttelet-rich solution MYIS prrpured by c.entrij&rtion NS 
dPsc.~ihr~iprr~~iol~sl~ (6). The platelet suspension was kept at 
room temperature. Apyrase was suspended in control solu- 
tion and added to the organ chambers 5 min before addition 
of platelets in a concentration of 25.0 U adenosine diphos- 
phatase and 18.7 LJ adenosine triphosphatase activity per 25 
ml (as defined by the supplier, I U activity liberates I pmol 
PO,/min). The concentration of apyrase is reported as the 
adenosine diphosphatase activity. 
Morphology. After the experiments the rings were exam- 
ined histologically by hematoxylin-eosin staining for general 
observation. by elastic van Gieson staining for observation 
of intimal thickening and by Sudan IV staining for observa- 
tion of lipid deposition in the blood vessel wall. Intimal 
thickening clias quantified with use of a computer-assisted 
image analyzer (IBAS 2000, Zeiss). 
Data analysis. The results are expressed as mean values 
+ SEM. Unless otherwise noted, n is the number of animals 
from which blood vessels were taken. In rings contracted 
with prostaglandin FZn. responses are expressed as percent 
changes from the contracted levels, and in quiescent rings, 
responses are expressed as percent of the contractions to 80 
mM potassium chloride. For relaxations, the effective con- 
centration of agonists causing x% inhibition (IC,) of the 
contractions to prostaglandin FZcy was calculated from each 
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Table 1. Endothelium-Dependent Relaxations of Porcine Coronary Arteries 
Control Group 
Coronary Carotid Renal Femoral 
ADP (n = 6) 
IC,, (-log M) 6.3 + O.l$ 5.0 ? 0.3 5.5 t 0.2 4.7 + 0.2 
Max % relaxation 113 * 5 110 * 12 106% 11 100 ? 15 
Serotonin (n = 6) 
IC,, (-log M) 8.0 t 0.2t 1.5 ? 0.2 8.4 + O.lt 7.2 ? 0.5 
Max % relaxation 91 + 1 65 t 9 106 2 9t 742 11 
Thrombin (n = 6) 
IC,, (X 10.’ U/ml) 0.7 2 0.2$ 2.4 * 0.6 3.9 2 1.6 5.1 + 1.7 
Max % relaxation 110 + 7 93 + II 103 r 5 74 + 14 
Bradykinin (n = 6) 
IC,, (-log Ml 8.7 + 0.1 8.8 + 0.2 8.8 5 0.1 8.6 ? 0.2 
Max % relaxation 117 2 4 111 ? 3 I12 + 6 112 + 3 
A23187 (n = 6) 
IC,, (-log ‘W 7.8 + 0.1 7.5 ? 0.2 7.5 r 0.1 7.3 + 0.1 
Max % relaxation 112 + 5 114 ? 3 111 ” 5 118 ? 3 
Coronary 
5.6 + 0.3*$ 
91 2 IO 
1.2 * 0.3 
52 + 11* 
1.7 ? 0.4*t 
106 + 4 
8.6 ? 0.1 
114 + 2 
7.5 2 0.2 
113 + 3 
Cholesterol-Fed Group 
Carotid Renal 
4.9 r 0.2 4.7 * 0.3* 
79 + lo* 62 + 9* 
6.8 + 0.4* 7.6 2 0.3* 
40 + 5* 71 + I* 
16.6 ? 4.1* 9.9 * 2.1* 
59 ? 9* 69 ? 13* 
8.7 ? 0.2 8.6 + 0.1 
119 +_ 5 112 ? 4 
7.4 + 0.1 7.4 ? 0.1 
117 + 6 110 ? 4 
Femoral 
- 
33 + 12* 
- 
34 2 9* 
23.5 t 3.4* 
49 r 9* 
8.4 2 0.2 
120 t 7 
7.2 + 0.1 
123 + 5 
*p < 0.05 compared with control group; tp < 0.05 compared with carotid or femoral artery; $p < 0.05 compared with carotid, renal or femoral artery. Data 
are expressed as mean values + SEM. Control = control group; cholesterol = cholesterol-fed group; IC,,, IC,,, IC,,, = effective concentration causing 25%, 
30% and 50% inhibition of the contractions to prostaglandin F,,(2 x 10e6 M), respectively; Max % relaxation = maximal relaxation in percent of the contraction 
induced by prostaglandin F&2 x 10m6 M). 
concentration-response curve, and the means of these values 
were presented as the negative logarithm of the molar 
concentration. Maximal relaxation was expressed as percent 
of the response to prostaglandin F,, (2 x lO-6 M) irrespec- 
tive of the concentration of the agonist; the means of these 
values are reported. Statistical evaluation of the data was 
performed by Student’s I test for paired or unpaired obser- 
vations. When more than two means were compared, an 
analysis of variance was used. If a significant F value was 
found, Scheffe’s test for multiple comparisons was used to 
identify differences among groups. Values were considered 
to be statistically different when p < 0.05. 
Results 
Baseline data. After 10 weeks of feeding, body weight 
increased significantly but in a similar manner in the control 
(49.1 t 1.7 kg) and the cholesterol-fed (53.6 + 2.0 kg) group. 
The serum concentration of cholesterol significantly in- 
creased in the cholesterol-fed (572 2 33 mgldl) but not the 
control (105 f 5 mg/dl) group; the fractions of low density 
and very low density lipoproteins mainly increased (data not 
shown). In contrast, the concentration of triglyceride was 
unchanged in both groups (32 + 3 mgldl in the control and 37 
+_ 5 mg/dl in the cholesterol-fed group). 
Light microscopy. The presence of an endothelial lining 
was confirmed histologically in rings with but not in those 
without endothelium. In the cholesterol-fed but not in the 
control group, lipid deposition was observed in the intima 
(mainly in the endothelium) in the four arteries (not shown). 
No intimal thickening was noted in the control group, and 
the intimal thickening was minimal (CO.1 mm2) in the 
arteries in the cholesterol-fed group. 
Organ Chambers 
Characteristics of the smooth muscle. There was no sta- 
tistically significant difference in optimal tension between 
the two groups (8 to 10 g for coronary and renal arteries and 
10 to 12 g for carotid and femoral arteries in both groups). 
Potassium chloride (5 to 80 mM), prostaglandin F,, ( 1O-9 to 
10-j M) and serotonin (lop9 to 10-j M) caused comparable 
concentration-dependent contractions in rings without endo- 
thelium in both groups (data not shown, n = 6). The 
serotonin-induced contractions were almost abolished by 
ketanserin (10e6 M) in rings without endothelium from the 
four arteries (data not shown, n = 5). Sodium nitroprusside 
(10m9 to 10-j M) caused comparable concentration- 
dependent relaxations in rings without endothelium in the 
two groups. Among the four blood vessels, the relaxations to 
sodium nitroprusside were most pronounced in the coronary 
artery; the effective concentration causing 50% inhibition of 
the contractions to prostaglandin F,, (IC,,) value (-log M) 
for the four arteries in the control group (coronary, carotid, 
renalandfemoral) was7.6 2 0.1,7.1 f 0.2,6.8? 0.1 and6.9 
2 0.2, respectively (n = 6, each). In contrast, the maximal 
relaxation (%) was comparable among the four arteries 
(110% to 130%). 
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Figure 1. Original tracings of platelet-induced 
relaxations in rings with endothelium during a 
contraction evoked by prostaglandin (PC) F,, (2 
x 10e6 M). Rings were treated with indomethacin 
(lo-’ M) and ketanserin ( 10e6 I@. 
Control pig 
Platelets, x103/yl 
25 75 
Carotid 
Cholesterol-fed pig 
Platelets, x103/~l 
25 75 
5 min 
- Q 1 ‘“p 
\4d 
__________-- __---_ ----_- - - _ _ _ - - - _ 
+t* + 
. 
IOPI 
PGF2cl, 2 x IO-%4 PGF2=, 2 x10-% 
Endothelium-dependent relaxations: control group (Table 
1). During a contraction to prostaglandin F,, (2 x IO-” MI, 
aggregating platelets (25,000 to lOO,OOO/~l) caused endothe- 
lium-dependent relaxations in the four arteries (Fig. 1 and 2). 
The platelet-induced relaxations were most pronounced in 
the coronary artery (Fig. 2 and 3). The platelet-induced 
relaxations were significantly attenuated by apyrase (an 
adenosine diphosphatase and adenosine triphosphatase) or 
by methiothepin (a combined SHT, and 5-HT,-serotonergic 
blocker) and were virtually abolished by the combination of 
the two agents (Fig. 3). 
Adenosine diphosphate caused endothelium-dependent 
Figure 2. Cumulative concentration-response curves to aggregating 
platelets in rings with endothelium during a contraction evoked by 
prostaglandin (PC) F,, (2 x 1O-6 M). All rings were treated with 
indomethacin (lo-’ M) and ketanserin ( 10e6 M). The responses are 
expressed as percent change in tension from the contraction evoked 
by prostaglandin F,,. Data are shown as mean values ir SEM. Solid 
circles = control group (n = 6); open circles = cholesterol-fed group 
(n = 6). *p < 0.05 compared with control. 
Corottd 
0 
20 
40 
60 
80 
100 
Platelets. x 103per ~1 
relaxations that were most pronounced in the coronary 
artery (Fig. 4). Adenosine diphosphate also caused direct, 
endothelium-independent relaxations that were more pro- 
nounced in the coronary and carotid arteries than in the renal 
and femoral arteries; the percent relaxation at 10m4 M was 93 
2 7% in the coronary, 94 L 12% in the carotid, 54 + 10% in 
the renal and 29 rfr 9% in the femoral arteries (n = 6). The 
endothelium-dependent component of the relaxation evoked 
by ADP was significantly attenuated by apyrase (1 .O U/ml) in 
the four arteries (data not shown, n = 4). In contrast, the 
endothelium-independent component of the relaxation (rings 
without endothelium) was not significantly altered by apy- 
rase (data not shown, n = 4). 
Serotonin (lop9 to 3 X 10m6 M) caused endothelium- 
dependent relaxations that were most pronounced in the 
renal and coronary arteries (Fig. 5). These serotonin-induced 
relaxations were almost abolished by methiothepin ( 10W6 MI 
in the four arteries (data not shown, n = 4). 
Thrombin (0.01 to 1.0 Ulml) caused endothelium- 
dependent relaxations that were most pronounced in the 
coronary artery (Fig. 6). In contrast, the endothelium- 
dependent relaxations caused by bradykinin (IO-” to lo-’ 
M) or the calcium ionophore A23187 (IO-” to 10M6 MI were 
comparable among the four arteries. 
Endothelium-dependent relaxations: cholesterol-fed group 
(Table 1). The endothelium-dependent relaxations to aggre- 
gating platelets were significantly reduced in the cholesterol- 
fed group in the four arteries (Fig. 1 and 2). The endotheli- 
urn-dependent relaxations to serotonin, ADP and thrombin 
also were reduced in the arteries from the cholesterol-fed 
group (Fig. 4 to 6). whereas the endothelium-independent 
relaxations to ADP were unaltered (data not shown, n = 4). 
In contrast, the endothelium-dependent relaxations to bra- 
dykinin or the calcium ionophore A23187 were unaltered. 
Serotonin released from aggregating platelets. The levels 
of serotonin released from aggregating platelets were not 
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mapyrase , I U/ml 
Hmethiothe in t apyrase 
n=6 in eat 1 group 
different between the control (276 ? 23 ng/ml) and the 
cholesterol-fed (252 ? 27 ng/ml) group (n = 6 each). 
Discussion 
Endothelium and aggregating platelets. Endothelium- 
dependent responses to aggregating platelets are the global 
expression of the changes in tension (relaxations and con- 
tractions) induced by several released platelet products and 
their interactions (4-6). In the present study, the platelet- 
induced, endothelium-dependent relaxations in the presence 
of ketanserin (a 5-HT,-serotonergic blocker) were attenu- 
Figure 4. Cumulative concentration-response curves to adenosine 
diphosphate in rings with endotheliuti during a contraction evoked 
by prostaglandin (PG) F,, (2 x 10F6 M) in the presence of indo- 
methacin (10m5 M). The relaxations are expressed as percent de- 
crease in tension from the contraction evoked by prostaglandin F,,. 
Data are shown as mean values ? SEM. *p < 0.05 as compared with 
control. Solid circles = control group (n = 6); open circles = 
cholesterol-fed group (n = 6). 
Figure 3. Effect of blockade of the effects of serotonin 
(with methiothepin), adenine nucleotide (with apy- 
rase), or both, on the platelet-induced maximal relax- 
ations (irrespective of the platelet concentration) in 
rings with endothelium from control pigs. The relax- 
ations were examined during a contraction evoked by 
prostaglandin F,, (2 x 10m6 M) in the presence of 
indomethacin (1O-5 M) and ketanserin ( 10e6 A4). Data 
are shown as mean values & SEM. *p < 0.05 as 
compared with control; tp < 0.05 as compared with 
methiothepin or apyrase. 
ated by either apyrase (an adenosine diphosphatase and 
adenosine triphosphatase) or methiothepin (a combined 5- 
HT, and 5-HT,-serotonergic blocker), and were almost 
abolished by the combination of the two agents. The endo- 
theliuq-dependent relaxations to ADP were significantly 
attenuated by apyrase, and those to serotonin (in the pres- 
ence of ketanserin) were significantly attenuated by methio- 
thepin. 
These results indicate that in porcine coronary and periph- 
eral arteries the platelet-induced relaxations are achieved by 
activation of purinergic and 5-HT,-serotonergic receptors on 
the endothelium (6). Thus, the present study demonstrates 
Figure 5. Cumulative concentration-response curves to serotonin 
in rings with endothelium during a contraction evoked by prosta- 
glandin (PG) F,, (2 x 10m6 M) in the presence of indomethacin (10m5 
A4) and ketanserin (10m6 M). The relaxations are expressed as 
percent decrease in tension from the contraction evoked by prosta- 
glandin F,,. Data shown as mean values + SEM. *p < 0.05 
compared with control. Solid circles = control group (n = 6); open 
circles = cholesterol-fed group (n = 6). 
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Figure 6. Cumulative concentration-response curves to thrombin 
in rings with endothelium during a contraction evoked by prosta- 
glandin (PG) F,, (2 x 1O-6 M) in the presence of indomethacin ( tom5 
M). The relaxations are expressed as percent decrease in tension 
from the contraction evoked by prostaglandin F,,. Data shown as 
means _t SEM. *, p < 0.05 compared with control. Solid circles = 
control group (n = 6): open circles = cholesterol-fed group (n = 6). 
that the mechanisms involved in endothelium-dependent re- 
sponses to aggregating platelets are relatively uniform among 
systemic porcine arteries. These results contrast with the 
previous findings (23) that in porcine basilar arteries, platelet- 
induced endothelium-dependent relaxations are achieved 
solely by purinergic activation, whereas platelet-derived ser- 
otonin contributes only to direct activation of the smooth 
muscle by a S-HT,-serotonergic mechanism. The reason for 
this heterogeneity is unknown. 
Characteristics of the coronary artery. Among the arter- 
ies tested, the coronary artery stood out regarding endothe- 
hum-dependent relaxations to aggregating platelets. The 
large endothehum-dependent relaxations to ADP and sero- 
tonin appear to contribute to the pronounced relaxations to 
aggregating platelets in the coronary artery. This is in line 
with the larger relaxations of coronary smooth muscle in 
response to the activation of guanylate cyclase as obtained 
with sodium nitroprusside (24,25). However, because bra- 
dykinin and the calcium ionophore A23 187 caused compara- 
ble endothelium-dependent relaxations among the coronary 
and peripheral arteries, the efficacy of endothelial purinergic 
and serotonergic receptor systems to initiate the release of 
endothelium-derived relaxing factor (or factors) appears to 
play a crucial role in the pronounced relaxations to aggre- 
gating platelets in the coronary artery. In addition. the 
endothelium-dependent relaxations to thrombin and the di- 
rect endothelium-independent relaxations to ADP were also 
the most pronounced in the coronary artery. Thus, both 
endothelium-dependent and independent relaxations are par- 
ticularly prominent in the coronary artery. 
Endothelium in hypercholesterolemia. The endothelium- 
dependent relaxations in response to platelets were reduced 
by hypercholesterolemia. Because the endothelium- 
dependent relaxations to exogenous ADP and serotonin 
were impaired and the amount of serotonin released by 
aggregating platelets was unchanged. it is logical to assume 
that the impaired endothelium-dependent relaxations to the 
platelet products account for the reduced relaxations to 
aggregating platelets. 
Setleral possibilities could explain the impaired endothe- 
lium-dependent relaxations in hypercholesterolemia. First, 
the characteristics of smooth muscle cells, and in particular 
their sensitivity to endothelium-derived relaxing factor, may 
be changed. This possibility is unlikely because in rings 
without endothelium the relaxations to sodium nitroprusside 
(24,25) and the contractions to potassium chloride, prosta- 
glandin F,, or serotonin were unaltered. Second, the diffu- 
sion of endothelium-derived relaxing factor, which has a 
very short half-life (1,2), may be impaired. This possibility is 
unlikely because intimal thickening was minimal and be- 
cause endothelium-dependent relaxations to bradykinin or 
the calcium ionophore A23187 were not affected by hyper- 
cholesterolemia. Third, the production or release, or both, of 
the endothelium-derived relaxing factor may be reduced. 
Hypercholesterolemia in itself injures endothelial cells, re- 
sulting in increased turnover rate (26). A previous study (6) 
demonstrated that regenerated endothelial cells exhibit re- 
duced endothelium-dependent responses to serotonin in 
porcine coronary arteries 4 weeks after endothelium re- 
moval. In the more long-term regenerated stage (8 weeks 
after the denudation), the endothelium-dependent relax- 
ations in response to ADP and thrombin, but not to brady- 
kinin or the calcium ionophore A23187, were depressed (27). 
Thus, it seems logical to assume that the reduced endo- 
thelium-dependent relaxations to aggregating platelets illus- 
trate the ongoing regeneration of endothelium after the 
hypercholesterolemic injury. Low density lipoproteins, 
when administered for a short term, inhibit endothehum- 
dependent relaxations to acetylcholine. adenosine triphos- 
phate (ATP) and the calcium ionophore A23187 in the rabbit 
aorta (28); high levels of cholesterol may have the same 
effect. However. this explanation fails to indicate why in the 
present study the responses to bradykinin and A23187 were 
not affected. 
Clinical implications. Our study demonstrates that in 
large porcine coronary and peripheral arteries the endothe- 
hum exerts an inhibitory action against vasoactive sub- 
stances released from aggregating platelets and against 
thrombin. Taken together with the observations by others 
(7-10) of the antiaggregatory actions of endothelium-derived 
relaxing factor. our data imply that the arterial endothelium 
may prevent the platelets from aggregating or causing vaso- 
constriction under normal conditions throughout the body. 
The inhibitory action of the endothelium against the vaso- 
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constrictor response to aggregating platelets is more pro- 
nounced in the coronary and cerebral (23) than in the 
peripheral circulations. 
The observation that the inhibitory action of the endothe- 
10. Busse R, Ltickhoff A, Bassenge E. Endothelium-derived relaxant factor 
inhibits platelet activation. Naunyn Schmiedebergs Arch Pharmacol 
1987;336:566-71. 
11. Schwartz SM, Gajdusek CM, Selden SC. Vascular wall growth control: 
the role of the endothelium. Arteriosclerosis 1981;1:107-61. 
lium against aggregating platelets is impaired by hypercho- 
lesterolemia may help to explain why this condition is a risk 
factor for the occurrence of atherosclerosis in coronary and 
systemic arteries. Hypercholesterolemia also impairs plate- 
let-induced, endothelium-dependent relaxations in porcine 
basilar arteries (23). Because endothelial dysfunction pre- 
cedes the atherosclerotic intimal changes, endothelial dys- 
function must be one of the important initiating mechanisms 
of atherosclerosis (11,12). Thus, an impaired interaction 
between platelets and the blood vessel wall in the presence 
of endothelial dysfunction would favor the occurrence of 
platelet aggregation and platelet-induced contractions of 
vascular smooth muscle, leading to ischemic events such as 
thrombosis and vasospasm in the coronary and peripheral 
circulations (N-21). I 
12. Ross R. The pathogenesis of atherosclerosis-an update. N Engl J Med 
1986;314:488-500. 
13. Verbeuren TJ, Jordaens FH, Zonnekeyn LL, VanHove CE, Coene MC, 
Herman AG. Effect of hypercholesterolemia on vascular reactivity in the 
rabbit. I. Endothelium-dependent and endothelium-independent contrac- 
tions and relaxations in isolated arteries of control and hypercholestero- 
lemic rabbits. Circ Res 1986;58:552-64. 
14. Bosaller C, Habib GB. Yamamoto H, William C, Wells W, Henry PD. 
Impaired muscarinic endothelium-dependent relaxation and cyclic guano- 
sine 3’,5’-monophosphate formation in atherosclerotic human coronary 
artery and rabbit aorta. J Clin Invest 1987;79: 170-4. 
15. Jayakody L, Senaratne M, Thomson A, Kappagoda T. Endothelium- 
dependent relaxation in experimental atherosclerosis in the rabbit. Circ 
Res 1987;60:251-64. 
16. Frieman RC, Mitchell GG, Heistad DD, Armstrong ML, Harrison DG. 
Atherosclerosis impairs endothelium-dependent vascular relaxation to 
acetylcholine and thrombin in primates. Circ Res 1986;58:783-9. 
17. Ludmer PL, Selwyn AP, Shook TL, et al. Paradoxical vasoconstriction 
induced by acetylcholine in atherosclerotic coronary arteries. N Engl J 
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